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ABSTRACT 


In this study, the successful application of Fourier transform 
infrared spectroscopy to the in-situ investigation of the electrode- 
electrolyte solution interphase has been accomplished. The new method was 
used to study the double layer region of a platinum mirror electrode in 
acetonitrile solutions. With this new technique, it is possible to observe 
changes in the vibrational structure of the interfacial region between two 
potential states. This is accomplished by subtracting the reflection 
— absorbance spectra obtained at each of the potentials. The technique 
is a Single reflection experiment. Radiation is passed through a thin 
optically transparent window, a very thin layer of solution, is reflected 
from the electrode of interest back through the solution, and out of the 


cell to a suitable detector. 


The new technique was also used to obtain the infrared spectra of 
organic molecular ion radicals generated at an oxidizing or reducing elec- 
trode. Thus, for the first time, it is possible to study in-situ the 
changes that occur in the vibrational structure of a molecule as it 


undergoes electron transfer reactions. 


The work demonstrates the speed and versatility of what appears to be 


a valuable new tool in the study of surface processes. 
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CHAPTER 1 


INTRODUCTION 


1.1 Objective 


The object of this thesis is to determine and develop a way in 
which to describe, and understand the structure of the electrode- 
electrolyte interphase. The structural information of the electrode 
interphase can give insight into the mechanisms of catalysis directly. 
Thus, it would be possible to determine how to inhibit or accelerate 
catalytic processes. 

The method used in this thesis is modulated infrared reflection 
spectroelectrochemistry (1-6, 84-86). The infrared light is passed 
through solution and reflected from an electrode surface back through 
solution. The method monitors changes in the interphase optically 
during an electrochemical experiment without affecting the interphase. 

Other techniques used to study the electrode interphase are 
either not completely understood, or the electrode is removed from 
solution in order to study it. When an electrode is moved from a 
solution to a vacuum, there is undoubtedly a change in the interphase. 
Considering the currently available techniques, modulated infrared 
reflection spectroelectrochemistry will be shown to be the best way to 
study the electrode interphase in-situ. 

This research was the first time that a Fourier transform 
infrared spectrometer was used in modulated infrared reflection 


spectroelectrochemistry (4). 
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During this research it was also found that the technique of 
modulated wnfrared reflection Spectroelectrochemistry could be used to 
obtain infrared spectra of electrochemically generated intermediates 


(85). This will be discussed later. 


1.2 Background 


A study of electrochemical processes occurring at the electrode 
surface by an optical spectroscopic method was first made in 1964 (7). 
The technique was dubbed spectroelectrochemistry. Since then, it has 
been adopted by many electrochemists as a means for monitoring 
different processes occurring at or near the electrode surface. Thus 
One is able to observe spectrally the effects of adsorption (1-6, 8-14, 
16, 37), double layer structure (2-6, 15, 16, 84-86), kinetics of homo- 
geneous reactions in the diffuse layer (17-26, 35), processes of 
catalysis (15-16), the point of zero charge, and metal deposition 
(27-28). 

Spectroelectrochemical techniques are usually not more sensi- 
tive than normal electrochemical methods, but are more specific to in- 
dividual processes in the interphase. This is due to the fact that, in 
general, electrochemical methods measure all the processes occurring at 
the interphase. Thus by normal electrochemical methods the structure 
of the reaction intermediates can only be determined by assumption 


after isolating the reaction products. This makes the determination of 
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reaction mechanisms somewhat more dubious than spectroelectrochemical 
techniques where direct observation of individual intermediates is 
possible. 

Certain spectroelectrochemical techniques can give information 
on the vibrational structure of the molecules in their environment at 
the electrode interphase. Other spectroelectrochemical methods will 
also be discussed later in this work. These methods can give 
information on thickness and optical constants of adsorbed layers, 
reaction kinetics, et cetera. 

In spectroelectrochemistry there are two ways to study the sur- 
face of an electrode: in-situ, where the electrochemical cell would be 
in operation during the measurement, and ex-situ, where the electrode 
is removed from the cell for external examination. The in-situ method 
is a more applicable method for studying the electrode interphase than 
the ex-situ method because the in-situ method is able to monitor 
processes at the electrode interphase as they happen. In the ex-situ 
method, that is not possible. The ex-situ methods observe a change on 
the surface of the electrode before and after an electrochemical 
experiment is performed. Ex-situ methods can give a areat deal of 
information, but are usually performed under ultra high vacuum. Thus 
the interphase changes a great deal and the information gained is much 
less revealing about the dynamic processes concerned. The ex-situ 
techniques are useful only in cases where there are simple systems 
involved, or strongly adsorbed molecules are present, since the 
environment of the molecules in the interphase necessarily changes a 


great deal in going from solution to vacuum. References pertaining to 
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in-situ and ex-situ methods are given in Table 1 and no further dis- 


cussion of ex-situ methods will be given here. 
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In-situ 


Ex-situ 


1) 
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TABLE 1 


References for Spectroelectrochemical Methods 


Spectroelectrochemical Methods References 


Specular reflectance 
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Transmission (U.V.-Vis., IR) 
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Raman spectroscopy 
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Non-optical Methods 
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1.3 Solution Free Measurements 


The in-situ spectroelectrochemical methods can be divided into 
two primary areas: 1) the study of "solution free molecules" (mole- 
cules able to diffuse to the electrode, transfer an electron or elec- 
trons at the electrode and then diffuse away), and 2) the study of the 
double layer structure, including adsorbed species. 

First I shall discuss the "solution free molecule" experi- 
ments. In the “solution free method" the main information obtained is 
the determination of electrochemical reaction mechanisms of homogeneous 
reactions which accompany charge transfer processes. This technique 
(which may use radiation in the ultraviolet, visible or infrared region) 
is usually nondestructive and the absorption of light by the 
electroactive species is much faster than the kinetics of a chemical 
reaction following an electron transfer. This makes it ideal for the 
study of reaction mechanisms. The absorption of light by only the 
electroactive species as a function of time can yield the type of 
mechanism involved. Since each possible mechanism has a different 
absorbance vs. time curve for each absorbing species (17-20), and the 
curve for each mechanism can be simulated by finite difference (81) and 
orthogonal collocation methods (82, 83), exact mechanistic details can 
be obtained. For reversible reactions, the absorbance vs. time curve 
can be used to determine diffusion coefficients (31) and extinction 


coefficients of intermediates (19), products, and reactants. 
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The early methods used were internal reflection spectroscopy 
(IRS) and transmission spectroscopy with optically transparent elec- 
LoodespamineatRomtechiniques(9: 10. 125 459170 18, 24 38-48) was 
first applied to spectroelectrochemistry in 1966 (43). This method 
introduces the light beam through the backside of an optically trans- 
parent electrode at an angle, usually 10 degrees greater than the 
critical angle, and the light beam is totally reflected at the elec- 
trode solution interphase. Even though the optical beam is totally 
reflected there is still an evanescent electric field which penetrates 
into the interphase which can be absorbed by species in the interphase 
during electrochemical processes, thereby attenuating the incident 
beam. The penetration depth of this electric field is dependent on the 
Optical constants of the solution and the wavelength of incident 
radiation. This depth is usually about a tenth of a wavelength of the 
incident radiation. Sensitivity of this technique can be increased by 
multiple reflections. One problem with this method is that during the 
absorbance vs. time measurement, there is only a finite penetration 
depth (2,000A in visible region). Therefore, one necessarily reaches a 
steady state quite fast due to the rate of change of diffusional 
processes slowing down close to the electrode. 

Transmission spectroelectrochemistry (17, 18, 20, 22, 25-29, 
37) uses optically transparent electrodes which are set up in such a 
way as to perform transmission spectroscopy on the electrogenerated 
species. The cell is designed in such a way that the electrolyte 
layer is much thicker than the diffusion layer adjacent to the elec- 


trode. These techniques can be used in the ultraviolet, visible 
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and infrared. The major problem with IRS and transmission 
spectroelectrochemical methods is obtaining an optically transparent 
material that makes a good electrode. Most of the optically 
transparent electrodes are made by chemical vapor deposition of a thin 
film (100-500) of platinum, silver, gold, tin oxide, or indium oxide 
on a substrate that is determined by the wavelength range of light 
used. These films generally have a resistance of 5-20 2 /sq., except 
for germanium and carbon film electrodes which have a resistance of 
2000-5000 2 /sq. Such high resistances can cause a potential 
difference across the electrode surface. A good review of optically 
transparent electrodes is given by Kuwana and Heineman (20). 

Modulated reflection spectroscopy is rapidly becoming the most 
popular technique used in spectroelectrochemistry. It can be used in 
the ultraviolet-visible (8, 11, 19, 30-36) and the infrared (1-6, 84- 
86) to monitor electroactive species in solution or at the surface of 
the electrode. The method calls for radiation to be passed through a 
solution, and subsequently reflected from the surface of the electrode 
at an angle that may range from 1.0 to near 90 degrees and then back 
through the solution and out of the cell. The electrode potential is 
simultaneously modulated across a region of interest, and the resulting 
modulated light signal is analyzed by deconvolution of the small A.C. 
signal due to the electrochemical processes from the background 
radiation. Deconvolution by phase sensitive detection and signal 
averaging may be utilized to obtain the desired spectrum. 

In the infrared, special problems arise because almost al] 


electrochemical solvents absorb strongly in this region. Thus, a very 
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thin layer of solution (5-20m) is formed between the electrode and 
the external cell window which minimizes effects due to solvent 
absorption. The actual technique will be discussed in more detail 
later. 

The modulated reflection spectroscopic techniques are the most 
sensitive of all the spectroelectrochemical methods. By the use of 


τ moles/cm@ Can be detected and 


phase sensitive detection, 1 
with signal averaging, kinetic characteristic times at the microsecond 
level can be determined (8). 

In its simplest form, a modulated Fourier transform infrared 
reflectance method (4, 84-86) used to detect electroactive inter- 
mediates does not have the inherent sensitivity of the phase sensitiv- 
methods (1-3, 5, 6), or the ability to monitor reaction kinetics. 
However, the technique has much higher resolution and has the advan- 
tages of advanced data manipulation and signal averaging. In this 
method, one collects spectra at two different potentials, and then 
subtracts them. This yields a difference spectrum of the species 
between the two potentials. Since it is usually only possible to hold 
the potential where electron transfer is occurring for a short time to 
avoid the effects of irreversible reactions, the electrode potential 
must be modulated. Thus only a few spectra can be taken at each 
potential. Therefore the electrode potential must be modulated many 
times and the scans collected at each potential are averaged to 
improve the signal to noise ratio. Typically, scans can be collected 
as fast as 0.1 sec/scan at 16 cm72 resolution, and 0.6 sec/scan at 


4 cm-! resolution. For "solution free species" the spectral 
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changes reflect vibrational changes of the molecule before and after 
electron transfer. 

The only major problem of modulated reflection spectroscopy is 
the electroreflectance effect (18, 36, 87). This effect occurs when 
the surface electron structure of the metal electrode is perturbed by 
modulation of potential. This property is universal among metal 
electrodes. When a potential is applied to an electrode, the Fermi 
level of the electrode changes which in turn causes the electronic 
Structure near the surface to change. The optical constants which are 
dependent on the electronic structure near the surface thus change. 
Since the reflectivity of the metal is dependent on the optical 
constants, the reflectivity is dependent on potential. Since radiation 
may also effect electron density, the electroreflectance effect is 
wavelength dependent. Since this effect has a small (relative 
reflectance 10-6) magnitude in the infrared region, it has no 
consequence in this work. 

In resonance Raman spectroelectrochemistry (56-60) a similar 
cell configuration is used. The excitation of the molecule jis by a 
laser which is of a frequency that lies within the absorption band of 
the electrogenerated species. The laser is directed through the 
solution and reflected from the electrode surface, from which the Raman 
scattering is observed. The resonance Raman line is usually enhanced 
by a factor of 104-105 over normal Raman scattering, thus making it 
possible to observe very small quantities. This technique gives 
information of the molecular structure of the electrogenerated species, 
and also has been shown to be useful in determining reaction kinetics. 


The major disadvantage of this technique is that not al] 
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vibrational bands are enhanced to the same extent. In fact only those 
bands that are associated with the electronic transition that was 
excited may be observed. 

Finally, another widely used technique is that of optically 
transparent thin layer electrodes (OTTLE) (17, 18, 20-22, 54). An 
OTTLE cell is a metal grid (100-2000 wires/in. usually gold) sandwich- 
ed between two optically transparent windows (the type of window sub- 
strate depends on the spectral region of interest). The solution 
thickness is usually less than 0.2 mm. The OTTLE method is a trans- 
mission method which is mainly used for electrolysis experiments. 
Here, usually all of the electroactive species is electrolyzed in 
20-120 sec. There are other uses, such as indirect coulometric titra- 
tions (22) with optical monitoring. Their small sample size makes 
them ideal for dealing with expensive biological molecules (53). An 
obvious drawback to this method is that the electrode is a grid in- 
stead of a planar electrode, thus making kinetic measurements at short 
times impossible due to the lack of accurate mathematical description 
of such systems (18). 

The above methods of "solution free spectroelectrochemistry" 
may not be used alone to determine the actual mechanism and homogen- 
eous rate constants of the relaxation of the electrogenerated species. 
Other electrochemical methods must be used first to determine at what 
potential the charge transfer occurs. A spectrum is then run to 
determine the wavelength where the electrogenerated species absorbs. 
Then it is possible to sit at the absorbing 


wavelength and monitor the absorbance vs. time curves necessary to 
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elucidate the reaction mechanism, extinction coefficients, and kine- 
tics of the homogeneous reactions. In general, it is always good 
practice to use spectroelectrochemical techniques in conjunction with 


electrochemical techniques for determining reaction mechanisms. 
1.4 Surface Studies 


I will now look at other types of in-situ spectroelectro- 
Chemical methods which deal with the structure of the double layer and 
molecules adsorbed on the electrode. 

The spectroelectrochemical method of ellipsometry (49-52) is 
used to determine the two optical constants and the thickness of films 
adsorbed on an electrode. When plane polarized light is specularly 
reflected from a surface, the reflected light will be polarized 
elliptically. The method for measuring the state of polarization of 
reflected light is called ellipsometry. Since this is an in-situ 
method, it can be used to determine kinetics of film formation and 
dissolution. 

It was shown in 1980 (1) that Modulated Infrared Reflection 
Spectroscopy (MIRRS) (1-3, 5, 6) could be used to study the vibration- 
al structure of the electrode/electrolyte interphase using phase 
sensitive detection. In this work it will been shown that Modulated 
Fourier Transform Infrared Reflection Spectroscopy (MFTIRRS) (4, 84, 
86) can also be used to investigate the vibrational structure of the 
electrode/electrolyte interphase. The general techniques for obtaining 


MFTIRRS spectra were described previously. In addition, it is required 


Gs 


that the distance from the electrode to the window be less than 6 um 
to minimize the solvent absorption. The infrared beam that is 
reflected from the electrode surface must be polarized parallel to the 
plane of incidence. The electrochemical cells for MIRRS and MFTIRRS 
are identical. Description of the cell will be made in a later 
chapter. 

Another technique for studying vibrational structure of the 
electrode/electrolyte interphase is surface enhanced Raman spectroscopy 
(SERS) (16, 61-71). In this technique, a laser exciting beam is 
directed through solution and is reflected off the electrode back 
through the solution. The Raman backscattering is then detected normal 
to the electrode surface. 

The in-situ vibrational spectroelectrochemical methods each 
have specific advantages. First, all of the techniques may show an 
enhancement of the signal as much as 106. The reasons for enhance- 
ment in SERS are not fully understood. There are many theories, such 
as surface plasmon excitation, surface roughness enhancement, and 
charge transfer complexes on the surface (16). Until the underlying 
reason for this enhancement is determined, the technique will not be 
fully exploited. The infrared techniques also show an enhancement, the 
cause of which will be explained in a later chapter. 

Second, the cells used in SERS experiments are able to provide 
faster electrochemistry than those used in MIRRS and MFTIRRS, because 
the electrode is usually 2 mm from the window, allowing more uninhibit- 
ed diffusion of the species. Third, the MIRRS and MFTIRRS can use al- 


most any type of electrode, as long as it is not a blackbody absorber. 


This is not true with SERS, where only silver, copper and gold 
electrodes will ‘work. 

Each of the vibrational spectroelectrochemical methods 
follow surface selection rules (88, 89) which specify that only molecules 
oriented in certain directions will absorb the incident radiation. 

For infrared radiation the reason for this is that when 
S-polarized light is reflected from the surface, there is a phase shift 
of 180 degrees (for all angles of incidence) of the reflected beam with 
respect to the incident beam. The phase shift will cause a node at the 
surface, so that there is no electrical component of the radiation for 
the absorbed species to interact with. This is also true for 
p-polarized light at normal incidence. When p-polarized light is used, 
there is a phase shift of less than 180 degrees for all angles of 
incidence (except normal and 90 degree angles of incidence). This 
creates a standing wave on the surface with the electric vector compon- 
ent normal to the surface. This component reaches a maximum at about 
88 degrees incidence (depending on the metal) then falls off rapidly to 
zero at 90 degrees incidence. There is thus energy available to inter- 
act with absorbed dipoles. In addition, it may be shown that only 
dipole oscillators with a non-zero component of the dipole derivative 
( ὃμ / ὃ 6) perpendicular to the surface will interact with the 
p-polarized radiation. 

Vibrational data can give significant information on the 
structure and bonding characteristics of the molecules adsorbed or 


weakly interacting with the surface. 


CHAPTER 2 


EXPERIMENTAL 


ΖΦ] Preparations 


2.1.1 Purification of Acetonitrile 


Acetonitrile was the primary electrochemical solvent used in 
this work. The purfication of acetonitrile was accomplished by using 
a modified procedure of Mann et al (92). The impurities in commercial 
grade acetonitrile may include unsaturated nitriles, acetamide, 
ammonium acetate, acetic acid, aldehydes, amines, ammonia and water. 
Since these impurities are electroactive they must be removed to 
achieve proper electrochemical behavior of this solvent. 2.5 liters 
of commercial grade acetonitrile was distilled rapidly over a short 
Vigreux column discarding the first and last 100 ml collected. The 
middle fraction (2.3 liters) was collected over 10 gm of calcium 
hydride, and was allowed to stand for 24 hrs. This first part of the 
procedure removed a large amount of the impurities, including almost 
all of the water. In the next part, which removes aromatic 
hydrocarbons, no more than 0.2% water can be present. The solvent was 
decanted from the calcium hydride into a flask containing 25 ml of 
benzoyl chloride. The mixture was refluxed for 1 hour, then distilled 
(5 ml/min.) into a flask containing 25 ml of Πρ to hydrolyze any 


benzoyl chloride carried over. This was followed by discarding the 
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last 100 ml of distillate. The middle fraction was distilled again, 
this time discarding the first 50 ml and last 100 ml of the distill- 
ate. Then to the distillate, 25 gm of potassium permanganate were 
added. The mixture was distilled rapidly, discarding the first and 
last 50 ml of the distillate. The receiving flask was fitted with a 
drying tube to keep atmospheric water out. The distillate was made 
acidic with concentrated sulfuric acid to precipitate any ammonium 
Sulphate out of solution. Any ammonia present was formed in the prev- 
ious step. The solution was then decanted from the ammonium sulphate, 
then distilled (10 ml/min.) into a flask containing 25 gm of calcium 
nydride. The first and last 50 ml were discarded. The final distill- 
ation was performed in a carefully dried distillation apparatus con- 
taining a four foot insulated column packed with glass helices. The 
distillate containing the calcium hydride was distilled (1 ml/min.) 
under a dry argon atmosphere, discarding the first 50 ml and last 100 
ml. This final purified acetonitrile was stored over Woelm super 
grade alumina under a dry argon atmosphere until use. 

The purification procedure yields about 60% of the starting 
material. The dry purified acetonitrile shows an absorbance of less 
than 0.5 for a l-cm cell at 200 nm. The electrochemistry of the prod- 
uct had a steady state background current of less than 50 wA/cm2 at 
eS OV OV Sas Ag/Ag* (0.01M) reference electrode, with (0.1 M) 
tetra-n-butylammonium tetrafluoroborate as the supporting electrolyte. 
The above small background current can only be achieved if all the 


glassware is very dry. This usually calls for Woelm super grade 
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alumina to be added to the electrochemical cell to remove the last 
traces of water. 

It has also been found that Caledon HPLC grade acetonitrile with 
0.006% water could be used as is after drying over Woelm super grade 


alumina. 


2.1.2 Preparation of Tetra-n-butylammonium Tetrafluoroborate 


Tetra-n-butylammonium tetrafluoroborate was prepared by a modi- 
fied method of Lund and Iverson (93). 100g of sodium tetrafluoroborate 
was dissolved in a minimum amount of distilled water and filtered. 
Similarly, 340 gm of tetra-n-butylammonium hydrogen sulfate was dissolv- 
ed in a minimum amount of distilled water and filtered. The NaBFa 
solution was added slowly with stirring to the tetra-n-buty] ammonium 
hydrogen sulfate solution. The tetra-n-butylammonium tetrafluoroborate 
precipitated out of solution immediately, and was then filtered and 
washed with two 100 ml portions of ice cold distilled water. The 
precipitate was dissolved in 75 ml of methylene chloride. The mixture 
was transferred to a separatory funnel and shaken. The mixture formed 
two immiscible layers, the lower layer methylene chloride plus 
tetra-n-butylammonium tetrafluoroborate, and the upper layer water and 
sodium bisulphate. The lower layer was added to 300 ml of ice cold 
diethylether with vigorous stirring. The tetra-n-butylammonium 
tetrafluoroborate precipitated out of solution slowly. After about 15 
min. the precipitate was filtered and dried under vacuum at CU eGo tel 2 


hours. 
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2.1.3 Purification of Commercial Chemicals 


Benzophenone (Fisher Scientific) was recrystallized twice from 
98% ethanol and vacuum dried at 4000 (94). 

Tetracyanoethylene (Eastman) was recrystallized from chloro- 
benzene twice, and vacuum dried at 50°C (95). 

Tetra-n-butylammonium perchlorate (Fluka) was dissolved in a 
minimum amount of acetone. It was precipitated by adding doubly dis- 
tilled water. This procedure was repeated twice. The final precipi- 
tate was dried under vacuum at δ000 (96). 

Lithium perchlorate (Thiokol) was recrystallized from triply 
distilled water twice. The final precipitate was dried under vacuum at 
1009C (97). 


Anthracene puriss (Alarich 99.9%) was used as received. 


2.2 Optical Cell and Electrodes 


The infrared spectroelectrochemical cell used is of the three 
electrode type, with platinum working and secondary electrodes and a 
Ag/Agt (0.01M) reference electrode. The cell is shown in Figure 1. 

It was made out of pyrex glass, and had an overall length of 175 mm 
with the working electrode inserted. About 75 ml of solution was need- 
ed to fill the cell. When the mirror working electrode was placed in 
the cell, it was pushed forward until the electrode surface was 

against the optical window. The luggin capillary tip was mounted 0.5 


mm from the optical window and 3 mm below the working electrode. 
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IR-~ELECTROCHEMICAL CELL 


SIDE VIEW 


REFERENCE SECONDARY ELECTRODE 


COMPARTMENT GAS PORTS 


IR-WINDOW 


LUGGIN 
CAPILLARY 


FRONT 
VIEW 


STOPCOCK 


CLAMPING NUT 


PLATINUM ΚΕΙ-Ε BRASS 
DISC SLEEVE SHAFT 


FIGURE 1 
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A loosely fitting ground glass stopcock was used to connect the Luggin 
tube with the reference compartment, and it served to isolate the two 
compartments. The secondary electrode was an 18 gauge platinum wire 
loop around the working electrode shaft, and was parallel to the opti- 
cal window. When the cell was purged with dry argon, use was made of 
two special ports. These ports were mounted at the top and bottom of 
the main cell body. 

The working electrodes were made by silver soldering a 
2mm x 12 mm (dia.) platinum disk to a 12 mm x 175 mm brass rod. The 
first 135 mm of the brass rod (containing the platinum disk) was press 
fitted into a 3 mm thick Kel-F sleeve. The Kel-F sleeve was press fit- 
ted by heating the sleeve and pressing it on to the epoxy resin coated 
brass rod. This procedure produced a seal which was resistant to 
Organic solvents and acids. At the rear of the electrode was another 
Kel-F sleeve of the same 0.D., but this sleeve was made to slide on and 
off. A rubber O-ring was placed between the two Kel-F sleeves. The 
rear end of the brass rod was threaded and a plastic nut was screwed on 
the end. The nut was used to apply pressure on the rear sleeve which 
in turn expanded the O-ring which served as a seal when the electrode 
was placed in the cell. There was approximately 0.1 to 0.2 mm of 
clearance between the 0.D. of the working electrode and the I.D. of 
the cell. This clearance was made minimal to maintain the electrode 
shaft perpendicular to the optical window. 

The electrode was polished by mounting it in an aluminum 
mandril shown in Figure 2. The mandril was used to maintain the elec- 


trode face perpendicular to the electrode shaft. The two screws on the 
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Polishing mandril for the mirror working electrode. 
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side of the mandril were used to tighten the electrode in place while 
polishing. A polishing pad (Buehler) was stretched and bonded to an 
8" square piece of plate glass. The sequence of polishes used for 
polishing the electrode started with 1.0um polishing alumina (Baika- 
lox), then 0.3 umand finally with 0.05um polishing alumina. Each 
polishing was performed with the aid of distilled water. 

The optical windows chosen were zinc sulfide and zinc 
selenide. These windows are resistant to organic solvents, weak 
acids, and water. Zinc sulfide is transparent from 14,000 cm-l 
to 650 cm-l and has an index of refraction of 2.25 at 2000 
cm-l. Zinc selenide was transparent from 20,000 cm-! to 400 
cm-l and had an index of refraction of 2.4 at 2000 cm-l. 

Both of the windows (35 mm dia. x 2 mm thick) were mounted ona $ 34 
female ground glass joint with epoxy resin. Before they were mounted on 
a glass joint, the joint was cut so that the face of the joint was 
perpendicular to the working electrode shaft. The face was also cut 

in such a way that when it was mounted on the cell, the height of the 
face was only 0.5 mm above the Luggin capillary. 

The determination of the distance between the electrode sur- 
face and the optical window was accomplished in three steps. First, 
by the use of Beer's Law, the total pathlength of the incident and 
reflected beams between the electrode and the window was determined. 
This is shown pictorially in Figure 3. Beer's Law is given by: 


ἈΞ DC (1) 
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Figure 3. The path of the infrared beam through the cells 
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where A is the integrated absorbanceof the entire band, ε is the inte- 
grated molar absorptivity, C is the molar concentration and b is the 
Optical pathlength in centimeters. 

To avoid error due to deviations from Beer's Law a standard 
measurement was made with the same resolution (4 cm-!) and con- 
centration as was used with the reflectance cell. Two bands of 
acetonitrile, the C-C stretch, Va (921 cm-l) and the -CH? 
antisymmetric rock, V7 (1040 cm-l) were used in the Beer's Law 
calculation. Three standard spectra were made with acetonitrile in a 
freshly prepared 0.05 mm solution cell. For each spectrum the 
absorbance was integrated over the entire band for both of the 
vibrations 4 and V7. By using equation (1) the integrated molar 
absorptivity was calculated as 309 + 2 and 78 + .5 for V7 and 1 
respectively. Two more spectra were taken, but this time the light beam 
was reflected through the reflectance cell] filled with acetonitrile. 
Before the second spectrum was taken the electrode was pulled back and 
then pushed up against the window to determine the reproducibility of 
the gap between the electrode and the window. As before, the absorbance 
was integrated over the entire band for both of the vibrations Vq and 
V7. By using equation (1) the total optical pathlength was determined 
to be 1.5 x 10-3 and 1.6 x 10-3 centimeters for the first and 
second runs respectively. 

In the second step, the angle of incidence of the infrared beam 
to the electrode surface was determined. Snell's Law predicts the 


angle at which light is refracted when going from one medium to another 


with different index of refraction and is stated as: 
njsin i = προΐῃ R (2) 
The terms nj and no are the indices of refraction of the first 
and second media respectively, i is the angle of incidence, and R is the 
angle of refraction. The media zinc sulfide, acetonitrile, and air have 
indices of refraction of 2.25, 1.34, and 1.00 respectively (lit.). The 
angle of incidence on the cell window was 70 degrees. Thus from 
equation (2) the angle of incidence to the electrode surface was found 
to be 45 degrees 
The final step was to determine the distance between the elec- 
trode surface and the optical window from the equation: 
n= T cos © (3) 
2 
The term Tis the total optical pathlength, © is the angle of inci- 
dence to the electrode surface, and x is the distance between the elec- 
trode and the window. By applying equation (3) the distance between 
the electrode and the window was determined to be 5.3 umand 5.7 um for 
the first and second measurements respectively. These values show that 
the distance between the electrode and the window was reasonably 
reproducible. This small thickness was only used when studying surface 
processes. A much thicker distance was used when studying electroactive 
species. In this latter case the solution thickness was also reproduci- 
ble because the electrode was pulled back from the window until the band 
at 1449 cm-! had an absorbance of 1.0. This correlated to a 


thickness of about 20um. At this thickness none of the acetonitrile 
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bands were so strong that they would fully block out any region in the 


Spectrum. Larger thicknesses began to present sensitivity problems. 


2.3 Instrumentation 


ἢ Spectrometer 


The instrument used in this study was a Nicolet 7199 Fourier 
transform infrared spectrometer. An interferometer was chosen instead 
of a dispersive spectrometer because of the optical and digital advant- 
ages that the interferometer had to offer. This is the first work in 
which an interferometer has been used to study the in-situ electrode 
interphase. Previous work in this area has been done with dispersive 
spectrometers with phase sensitive detection (1-3,5,6). A detailed 
explanation of the operation of the interferometer system is given 
elsewhere (98,99). The basic mode of operation of the interferometer 
was to convert the information at infrared frequencies to lower audio 
frequencies and phase relate these frequencies so that the detectors 
and the electronics are able to follow both frequency and intensity 
information of the infrared radiation. 

A simplified diagram of the Nicolet 7199 spectrometer is shown 
in figure 4. The Michelson interferometer consisted of two planar 
mirrors perpendicular to each other; one was fixed in place and the 
other was moved back and forth at a constant velocity of 0.783 cm/sec. 
The interferometer also had a germanium beam splitter on a KBr 


substrate and a KBr compensator. 
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The beamsplitter was placed at 45 degrees to the fixed and movable 
mirrors. An infrared beam (collimated) was directed on to the beam- 
splitter and ideally 50 percent was reflected to the fixed mirror and 
50 percent was transmitted to the moving mirror. The infrared light 
beam was collimated by focusing the light from the source, a water 
cooled globar, onto a 0.250 in. aperture. The aperture was placed at 
the focal length of a spherical mirror which produced a light beam of 
high enough collimation to achieve 0.3cnrl resolution from the 
instrument. 

If collimated monochromatic light of wavelength ) cm is 
directed into the interferometer it will be split at the beamsplitter 
into two beams of equal intensity. One beam will be directed to the 
fixed mirror and the other to the moving mirror. The beams will be 
reflected by these mirrors back to the beamsplitter where they will be 
recombined. If the pathlengths of the two mirrors to the beamsplitter 
are the same (this is known as zero retardation) the two beams will be 
in phase and will constructively add. Thus ideally the detector will 
see the total intensity of the source. 

If the movable mirror is retarded /2 cm from zero retarda- 
tion, the two beams will be 180° degrees out of phase and interfere 
destructively. Thus no light will reach the detector as it is all 
reflected back to the source. 

For monochromatic light, the output of the interferometer 
produces a cosine wave as the movable mirror is displaced. This cosine 
wave is also called an interferogram and is shown in Figure 5. The 


signal has a maximum intensity at integral multiples of Acm retarda- 


Intensity 


CH 


Figure 5. Cosine wave interferogram. 
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tion, and a minimum intensity at integral multiples of »/2cm 
retardation. The intensity at the detector for a monochromatic 
source, as a function of mirror retardation is given by 
I'{S}=0.51{v} (1+cos 2 mv} (1) 
where 6 is the mirror retardation, and I(v) is the intensity of the 
source. This expression has two components, a modulated component 
given by 0.5I1{vicos 2nvé and a constant component given by 
Ore Lit - In this study only the modulated component need be 
considered. Thus the equation is simplified to 
I{st= 0.51{v}cos 2 vd (2) 
Since the interferometer used in this study was not ideal, a frequency 
dependent correction factor was added. The correction is needed 
because of beamsplitter efficiency, detector response, and amplifier 
characteristics which are all frequency dependent. Therefore, equation 
(2) is modified by the correction factor which is given by 
Tio Ξ ΠΣ τος (3) 
Equation 3 is simplified by letting B(v ) be equal to 0.5H{v}I{v} 
where B( νὴ is the intensity of the source after it has been changed 
by the instrumental characteristics. [1(6) is then given by Ii{é}=Bl{vicos2mvs (4) 
When the movable mirror is moving at a constant velocity, a 
monochromatic source of wavenumber v produces an interferogram that 
is a cosine wave of a specific frequency. Thus the frequency of the 
cosine wave is given by 
f=2Vy (5) 


where f is in Hertz, V is the velocity of the mirror in cm/sec, and v 


gi + 


& ‘i. 


Ὁ] 


is the wavenumber of the monochromatic source in cm-l. 

If the source emits more than one wavelength of light, the 
detector will respond to the sum of all the cosine waves. Thus the 
interferogram of a polychromatic source is given by 

jiét= fiBiv} cos2mvé dv (6) 
A typical interferogram of an infrared source is shown in Figure 6. 
Equation 6 is one half of a cosine Fourier transform pair, the other 
being 

Bivi= f° I{é}cos 2nvé dé (7) 
Equations 6 and 7 represent the relationship between the interferogram 
and the spectrum. 

In practice it is physically impossible to retard the movable 
mirror from positive to negative infinity. Thus only a finite resolu- 
tion is possible. The resolution of the interferometer is given by 

iv= 14 cm) =) (8) 
where A in cm is the maximum mirror retardation from zero retardation, 
and Avis the nominal resolution. In this study the mirror was moved 
0.250 cm from zero retardation, thus the maximum resolution possible 
was 4 cm-l. Since the interferometer is limited to a finite 
mirror movement Δ, this is the same as multiplying the interferogram 
by a truncation function. The cosine Fourier transform of an 
infinitely long cosine wave gives a spectrum with one infinitesimally 
narrow spike at wavenumber v . When the cosine Fourier transform is 
applied to a truncated cosine wave the calculated spectrum is also one 
line at wavenumber v but the line is of lower resolution. The 


spectrum for the truncated interferogram has an instrument line shape 
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function sin X/X, as shown in figure 7. In that figure, the full width 
at half height ie 0.605/ Acm-! and the band has a peak height of 
24. The full width at half height is used to define the instrument 
resolution. The sin X/X instrument line shape generates side lobes 
initially at 20% of the central peak height. This produces difficulties 
in finding bands of low intensity close to the central peak. To remove 
or reduce these side lobes a method called apodization is used. This 
method calls for multiplying an interferogram by an apodization function 
H( 6). Thus the spectrum is given by 

Biv}= {PES} H {8 }cos2mve dé (9) 
In this study the apodization function used was the Happ-Genzel func- 
tion given by 

Hid }=0.547+ O46 1d A A<6<t+A 

H{é}=0 S<-A 

ὃ»Δ 

The calculated spectrum using the Happ-Genzel apodization gave an 


instrument line shape hf ) (100) 


ἢ ( 0.54/nv+(0.46-4nva2)/(m? -(2nva}?))sin2 ma (10) 


This instrument line shape has a width at half peak height of 0.91 
Δ -lcm-1 and a peak height of 1.084 . The side lobes are 


only produced in the spectrum when the width of the spectral line is 
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Fe 


less than the resolution of the instrument δλ'!, because otherwise the 
spectral information encoded in the modulation of an interferogram has 
faded to zero in the sampled part of the interferogram. 

In practice there is a problem in obtaining a proper spectrum 
from an interferogram due to phase error. The phase error is caused by 
optical, electronic, and sampling effects. Most of these may be 
frequency dependent. To eliminate these effects, a correction factor 


is added. Thus the interferogram becomes 
1{6}=f"Biv}cos(2mv(s+x{v}}) J} (12) 


Since a cosine wave may be represented as: 


cos(A+B) = cosA ° cosB - sinA ἡ sinB (13) 


we have 


1{6}=[ Blu} cos2nvé2 cos X{v} -B{ v} 51 ηπνὸ 2+ 51 ηΖπνχὶ ν} (14) 


Equation 14 shows that by adding a correction factor, sine components 
are added to the interferogram. The cosine Fourier transform of the 


interferogram (86) is given by (100) 


Gi a} ={ I{Skosarv76 dé (15) 
The sine Fourier transform of the interferogram [(δ) is given by 


ἀρὰν s{v7} ={,1tolsin2 πν΄ὃ dé (16) 
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The method of removing the sine component is called phase correction. 
In the Nicolet spectrometer used in this work, phase correction of the 
Spectra was performed in the following manner: the interferogram that 
was collected by the spectrometer was single sided, except for a few 
hundred points collected on the opposite side of zero retardation. The 
computer calculated a phase spectrum by transforming part of the inter- 
ferogram that contained 100 points on both sides zero retardation. The 
Sine and the cosine Fourier transforms (98) were calculated from this 
double sided interferogram, and the phase spectrum Θ(ν΄ νὰς given by 
o{v*}=arctan S“{v-}/C7(v") (17) 
The sine and cosine Fourier transforms (98) were then computed from the 
total single sided interferogram, and the real phase corrected single 


beam spectrum was determined by using the following relation 


Blv“}=C{v-icom{v-}+ S{v-}sino{v-} (18) 


The interferogram was sampled by using the interferogram of a 
He-Ne laser. Since the interferogram of a laser is a cosine wave, the 
Output of the laser detector was electronically converted into a square 
wave and used to trigaer the A/D converter to record the output of the 
infrared detector. In this work a data point was taken once every 
laser wavelength and the frequency of the laser was 15/798 cm-l. 
Thus by using the Nyquist theorem the highest possible frequency that may 
be sampled without aliasing is 7899 cm-l, which is also known as the 
bandwidth. Frequencies higher than this are optically and electronically 


filtered out. Since the laser frequency is precise, it 


cH 


gives rise to accurate distance measurements of the movable mirror, which 
in turn gives rise to accurate infrared frequencies. The infrared 
frequencies produced by the Nicolet spectrometer are accurate to 0.1 
cm-l, 

Before an interferogram was transformed it was usually averaged 
many times. Thus it was necessary to start the averaging at the same 
point. This was done with an electronic pulse that was produced from the 
interferoaram of a white light, which was optically offset to produce this 
pulse approximately 1000 data points before the zero retardation of the 
infrared interferogram. 

The ratio of the signal to noise increases with the square root 
of the number of scans, if the detector is noise limited, and is given 


by (101) 
S/N = B(t,v)onavtm2/NEP (19) 


where B(t,,,)is the intensity of the source as a function of 
temperature and frequency, © is the optical throughput, n is the 
overall efficiency, Av is the instrument resolution,tm is the observation 
time for each spectral element, and NEP is the noise equivalent power of 
the detector. 

The interferometer has many advantages over the dispersive 
spectrometer such as Fellgett's advantage (98,99,102), Jacquinots's 
advantage (98,99,102), and digital advantages produced by the data 


handling abilities of a computer. 
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Fellgett's or the multiplex advantage is the ability of an 
interferometer to view all the spectral resolution elements at once. 
The number of spectral elements is given by 

M=v,/ av (20) 
where v is the bandwidth of the spectrum, and ν is the instrument 
resolution.If adispersive spectrometer only measures One spectral 
element at a time, we know an interferometer can collect a spectrum M 
times faster or have a signal to noise ratio Mz times greater than the 
dispersive instrument. Jacquinot's advantage is known as the 
throughput advantage .This one may be of no benefit to us in the far 
infrared, since with a dispersive spectrometer one has the ability to 
switch to gratings of higher efficiency at longer wavelengths. The 


Jacquinot's advantage is given by 
Ξ 2 
θ.] One mA, fav /Ach Up (21) 


where Θ᾽ is the optical throughput of the interferometer, v, is the 


bandwidth, A, is the area of the mirrors in the interferometer,og 15 


I 
the optical throughput of the dispersive instrument, h is the height 
of the slits, f is the focal length used to collimate the light, and a 


is the line spacing of the grating. 
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2.4 Apparatus 


A modified Harrick retro-reflectance attachment was mounted in 
the back beam of the Nicolet 7199 spectrometer. The reflectance 
attachment was modified by removing one mirror and replacing it with 
the electrochemical reflectance cell, and the mirror mount for the 
removed mirror was lowered so that the mirror working electrode was 
mounted in the center of the infrared beam. The basic apparatus is 
shown in figure 8. The electrochemical reflectance cell was mounted in 
a cell holder shown in figure 9. 

The infrared beam was incident on the cell window at an angle 
of 60 to 70 degrees, or approximately the Brewster angle of the cell 
window. The infrared beam was polarized with a gold wire grid polar- 
izer on a barium fluoride substrate (Cambridge Physical Sciences type 
IGP228) after it was reflected from the cell. The polarizer was set to 
let only the radiation component parallel to the plane of incidence be 
transmitted. The component of the electric field vector polarized per- 
pendicular to the plane of incidence has a node at the surface, thus it 
is not absorbed by surface species. The signal to noise ratio can be 
increased by a factor of 2 by removing the s-polarized component, since 
this component contains no information of interest and only contributes 
to the saturation of the detector or A/D converter. 

The detector used in the Nicolet 7199 spectrometer was a 
mercury-cadmium-telluride photoconductive solid state unit, with a 


1: 
specific detectivity D* of approximately 1 x 1010 cmH, */W. 
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The potential of the working mirror electrode was controlled by 
a Hi-Tek Instruments DT2101 potentiostat that was driven by a Hi-Tek 
Instruments PPR1 waveform generator. The potentiostat was triggered by 
the spectrometer's computer by tapping the output of the "sweep" BNC 
connector located on the back of the computer. The computer gave a TTL 
pulse every time the computer started to collect a scan. A 74193 
counter was used in the counting circuit that was connected in the 
triggering circuit between the sweep BNC connector and the 
potentiostat. The circuit for the counter is shown in Figure 10. The 
counter was used so that a series of scans could be collected at two 
different potentials. A scan is one interferogram collected, and 
usually more than one is collected at each potential so they are signal 


averaged as they are collected to increase the signal to noise ratio. 


Zoo Vatarcollection 


In this section, I will describe the complete procedure to 
collect a spectrum. The particular data collection procedure described 
first is that for studying the double layer. The computer was pro- 
grammed to perform a collection routine and the potentiostat was 
triggered by a digital counter which counted the number of scans. It 
was also possible to trigger the potentiostat in sequence with the 
collection program. The language was Nicolet assembler. 

The counter circuit designed for this study was a 4-bit 
modulo-16 down counter. The output of the third bit was connected to 


the "start" TTL input of the PPRI waveform generator. 
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The base potential was set on the potentiostat and the potential step 
that would be ΠῚ was set on the waveform generator. The counter 
initially was set to make output of the third bit Lo. A command was 
given to the computer to collect four scans and store the average in 
a destination file number 20. The start of the first scan would make 
the third bit Hi, thus triggering the waveform generator which in turn 
triggered the potentiostat to apply the step potential to the working 
electrode. The waveform generator could only be triggered on 
O +1 pulses. The third bit gave a 0> 1 pulse output on the start of 
the first scan , since the counter was clocked with 0> 1 pulses from 
the sweep BNC connector from the computer. The third bit of the 
counter would not give another 0+ 1 pulse to the waveform generator 
until after it received eight clock pulses (or until after eight scans 
had been taken). On the ninth pulse the counter would give another 
O> 1 pulse to the waveform generator, and thus apply the potential 
step to the working electrode. The length of time the potential step 
was applied was controlled by the waveform generator. It was set long 
enough to collect 4 scans in approximately 4 sec at 4 cm-l 
resolution. After the working electrode was returned back to the base 
potential, a delay period of about twenty seconds was allowed before 
four more scans were collected at the base potential and the average 
was stored in the destination file number 21. The delay period was 
needed to let the system relax back to its original state. 

The collection program 1 is listed in the appendix. The pro- 
gram provided for the collection of four spectra at the base potential 


and the storage of their average in a sample file. Subsequently, four 
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spectra were collected at the step potential and their average stored 
in the reference file. The interferogram in the sample file was added 
with a weighting factor to a sample interferogram previously stored in 
the destination file number 21. The interferogram in the reference 
file was also added with a weighting factor to a reference 
interferogram previously stored in the destination file number 20. The 
program contained a do-loop which displayed the sample file thirty 
times, corresponding to a planned delay of twenty seconds. The above 
sequence was nested in another do-loop, so that the sequence could be 
repeated N times. Therefore, 4N scans were collected in each of the 
destination files 20 and 21, corresponding to the step potential and 
the base potential respectively. 

The collection program 1 could be changed to collect other 
numbers of scans at each potential by taking the output of the counter 
at other bits instead of the third bit. The same procedure given above 
would be used to collect the data. 

The interferogram stored in the destination file number 20 was 
moved to the reference file and the interferogram stored in the des- 
tination file number 21 was moved to the sample file. The interfero- 
grams stored in the sample and reference files were then 
Fourier transformed, apodized, and phase corrected. The single beam 
spectra were then ratioed against a background ([sample/background] x 
100 and [reference/background] x 100). Both spectra stored in the 
sample and reference files were changed from percent transmission to 
absorbance. The reference spectrum was then subtracted from the sample 


spectrum. The background was a single beam spectrum of the light 
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reflected through the reflectance attachment, and an empty reflectance 
cell. The infrared light was polarized parallel to the plane of 
incidence. 

The spectrum resulting from subtraction is called a difference 
absorbance spectrum. The difference absorbance spectrum means that its 
base line has a zero absorbance and absorption bands extending below 
the zero line are due to species absorbing more strongly at the step 
potential than at the base potential. The absorption bands with an 
absorbance greater than the zero line are due to species absorbing more 
Strongly at the base potential than at the step potential. 

If there is a shift in the frequency of an absorption band at 
the base potential from that at the step potential, or the absorption 
band is broader at one potential than the other, bands in the resulting 
difference absorption spectrum may take on many different shapes. The 
shape of the difference absorption band depended on the relative 
intensities of the bands in the base potential spectrum and the step 
potential spectrum which were stored in the sample and reference files 
respectively. Some of the many different shapes that the difference 
adsorption band can assume are shown in Figures 11-13. 

A slightly different collection routine was used for observing 
the infrared spectra of electrogenerated "solution free species". The 
"solution free species" are formed by oxidizing or reducing an electro- 
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Figure 12. 
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Figure 12. 
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A cyclic voltammogram was made to determine the peak potential 
where the electroactive compound is reduced or oxidized on the forward 
potential sweep and the peak potential where the electroactive compound 
was oxidized or reduced back to the neutral compound on the backward 
potential sweep. The base potential was set approximately 400 mV past 
the peak potential on the backward sweep of the oxidation or reduction 
back to the neutral compound, to insure that the reaction was diffusion 
controlled. The step potential was set approximately 200 mV past the 
peak potential on the forward sweep of the oxidation or reduction of 
the compound to insure that it also was diffusion controlled. 

The base potential and the step potential were set on the 
potentiostat and the waveform generator respectively. Virtually the 
Same procedure was used as before to collect the differential 
absorbance spectra. The counter was reset and four scans were 
collected at the step potential and the average was stored in the 
destination file number 18. After the potential returned to the base 
potential a twenty second delay was used before 4 scans were collected 
at the base potential and the average was stored in the destination 
file number 19. The delay was used to allow enough time for all the 
oxidized or reduced species to be reduced or oxidized back to the 
neutral species. Four more scans were then collected at the step 
potential and the average was stored in the destination file number 17. 
This collection also set the counter in the right position to start the 


collection program 2. 
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8.1 


The collection program 2 is slightly different from the collec- 
tion program 1 by virtue of having an extra collection file. The extra 
collection file was used to act as a delay to allow time for more of 
the reduced or oxidized species to be formed. Figure 14 shows how the 
concentration of the oxidized or the reduced form of the electroactive 
compound changes with time. The delay was approximately 3 seconds 
which was usually long enough to oxidize or reduce most of the electro- 
active compound in the thin solution layer between the mirror working 
electrode and the window. Thus the more material formed, the greater 
the amount of light absorbed by the compound, and thus the better the 
Signal to noise ratio. The collection program 2 is listed in the 
appendix. The program first instructed a collection of four scans at 
the base potential and stored the average in the sample file. Then two 
scans were collected at the step potential and the average stored in 
the background file. With the potential step still being applied two 
more scans were collected and the average stored in the reference file. 
The interferogram stored in the sample file was added with weighting to 
the previously stored interferogram in the destination file number 19. 
The interferogram stored in the background file was added with weight- 
ing to the previously stored interferogram in the destination file 
number 18. The interferogram stored in the reference file was added 
with weighting to the previously stored interferogram in the destina- 
tion file number 17. Then a do-loop was used which displayed the 
sample file 30 times giving a 20 second delay. The above sequence was 
nested in a do-loop and was repeated N times which gave 4N scans at the 


base potential and 4N scans at the step potential. The same triggering 
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sequence was used in program 2 as used in program 1, because there was 
still four scans being collected at the base potential and four scans 
collected at the step potential, except now the scans taken at the step 
potential were stored in two different files. The interferogram stored 
in the destination file number 19 was moved to the sample file and the 
interferogram stored in the destination file number 17 was moved to the 
reference file. The two interferograms stored in the sample and refer- 
ence files were Fourier transformed, apodized, and phase corrected. 

The single beam spectra stored in the sample and reference files were 
ratioed against the same background that was used before. The spectra 
stored in the sample and reference files were changed from percent 
transmittance to absorbance and subtracted, using the same method as 
before. The resulting difference absorbance spectrum had absorption 
bands above and below the zero absorbance base line. The absorption 
bands above the base line were due to a decrease in the absorption of 
neutral species. The absorption bands below the base line were due 
only to the electrogenerated species. If absorption bands didn't 
change in going from the neutral species to the elecrogenerated 
Species, those absorption bands would not be observed in the difference 


absorbance spectrum. 
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3.0 Double Layer Structure 
Sel Results 


Infrared difference spectra of a 0.1 M solution of tetrabuty- 
lammonium tetrafluoroborate in anhydrous acetonitrile at various poten- 
tial steps are shown in Figure 15. The line drawn through each spec- 
trum refers to the zero baseline. Absorption bands extending below the 
baseline correspond to an increase in the absorption of radiation at 
the step potential with respect to the absorbance at the base 
potential. The opposite is true for bands extending above the 
baseline. Table 2 lists the absorption band frequencies for the 
Spectra shown in Figure 15. The base potential of each spectrum was 
-0.50 V vs Ag/Agt reference electrode. That base potential was 
chosen because of its vicinity to the point of zero charge (PZC) of 
platinum in acetonitrile with the electrolytes used (106). The 
positive limit of the potential steps was governed by the solvent 
breakdown; thus the usable range was -2.0 V to + 2.5V vs Ag/Agt 
reference electrode. The above solution was made 0.1 M in water and 
the resulting difference spectra are shown in Figure 16. The 
absorption band frequencies for Figure 16 are listed in Table 3. 
Difference spectra from the same experiment performed on an anhydrous 
acetonitrile solution of 0.1M lithium perchlorate are shown in Figure 
17 and the absorption band frequencies are listed in Table 4. Figure 
18 gives the corresponding spectra produced after 200 μ] water was 


added to the 100 ml of lithium perchlorate solution and the absorption 
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Difference spectra of 0.1M tetrabutylammonium tetrafluoroborate 
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Table 2 


Band positions/cm-! for difference spectra of 0.1 M tetrabutyl- 
ammonium tetrafluoroborate in acetonitrile (dry) 


Potential step Pos. displaced bands Neg. displaced band 


-0.5V to +1.0V 2969 w 
1470 w 


ον toe—1.5V 
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Table 2 (Continued) 


Band positions/cm-! for difference spectra of 0.1 M tetrabutyl- 
ammonium tetrafluoroborate in acetonitrile (dry) 


Potential step Pos. displaced bands Neg. displaced band 


-0.5V to -1.5V 1064 s 
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Figure 16. Difference spectra of 0.1M tetrabutylammonium tetrafluoroborate 
and 0.1 M water in acetonitrile. Platinum electrode. 
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Table 3 


Band positions/cm-! for difference spectra of 0.1 M tetrabutyl- 
ammonium tetrafluoroborate and 0.1 Μ water in acetonitrile 


Potential step Pos. displaced bands Neg. displaced band 


-0.5V to -2.0V 


3450 m (broad) 
2315 m 

2287 w 

1660 vw 

1425 W 

1063eS 
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=0.5V to +2.0V 


3640 w (broad) 
3545 w 
2965 vw 
1628 w 
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Table 3 (Continued) 


Band positions/cm-! for difference spectra of 0.1 M tetrabuty1- 
ammonium tetrafluoroborate and 0.1 M water in acetonitrile 


Potential step Pos. displaced bands Neg. displaced band 


Ξο οὐ ἀπὸ +e. ON. 3635 3320 m (broad) 
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Migure 1/. DittLerence spectra Of ΟΜ Lithium perchlorate in acetonitrile. 


Table 4 


Band positions/cm-! for difference spectra of 0.1 M lithium 
perchlorate in acetonitrile (dry) 


Potential step Pos. displaced bands Neg. displaced band 


-0.5V to -2.0V 1420 w (broad) 1443 wv 
1100 w 


τ οὐ τον 2270 
1460 w 


W 
-0.5V to +1.V 2275 νὶ 
2250 w 

-0.5V to +2.0V 2273 vw 


-0.5V to +2.5V 2274 w 
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Figure 18. Difference spectra of 0.1M lithium perchlorate and 0.1M water 
it acetonitrile. 
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band frequencies are listed in Table 5. 

The electrolyte was changed to 0.1M lithium hexafluoroarsenate 
in anhydrous acetonitrile and the same experiment was performed again. 
Figure 19 gives the corresponding spectra produced and the absorption 
band frequencies are listed in Table 6. 

The mirror working electrode was changed from platinum to gold. 
The potential step experiment was performed with 0.1M lithium perch- 
lorate in acetonitrile with 0.006% water and the resulting difference 
spectra are given in Figure 20. The absorption band frequencies of the 
Spectra in Figure 20 are given in Table 7. 

The infrared spectrum of anhydrous acetonitrile is given in 
Figure 21. The band frequencies and assignments are given in Table 8. 

The infrared spectra of lithium perchlorate, lithium hexafluor- 
arsenate, and tetrabutylammonium tetrafluoroborate are given in Figures 
22,23 and 24 respectively. Listings of the bands of those spectra are 


given in Table 9. 
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The difference spectra of the potential step experiments quite 
clearly exhibit changes with potential. The changes are a result of 
the interaction of the solution with the electrode at various potent- 
1815. Only reversible processes occurring in the thin layer of 
solution between the electrode and the window were monitored with the 


potential step experiment. We find that the resulting 


Table 5 


Band positions/cm-1 for difference spectra of 0.1 M lithium 
perchlorate and 0.1 M water in acetonitrile 


Potential step . displaced bands Neg. displaced band 


a τον 2275 Ww ΤΌΏΘΘΕ- 
Ze Sa 


ΞΘ ov 
-Ο OVE ἴο +2. UV 


-0.5V to +2.5V 


65 


ett] 12.09 oe seaP ι 
ative 


av 


᾿ 
naw 

| γῇ, oe od! γᾷ, 

) ἵ ¥G, ἣν of v2.0 | 
; ἃ — 


yale 9 γ8α. 1} 


" 1 Ἶ | 
ἫΝ , mn ΠΝ iN Linh hd AO nie nani 


ἐμομηβη LEA) iy 


Me NS i 


ἱ 


i 


66 


2800 2400 


with potential modulation from -0.5V to A. +.5V, B.+1.0V, C.4+1.5V 


Dye 


172 LON, Whe 


S82) Gl OWie 


Ι [ΞῈ Ι Ξ' 
“O00 ΞΘ 0 ΞΕ ΙΒ e000 1600 ca 08 8U0 
WAVENUMBERS 
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Table 6 


Band positions/cm-! for difference ee of 0.1 M lithium 
hexafluoroarsenate in acetonitrile (dry) 


Potential step . displaced bands Neg. displaced band 


sau =: 
Ξ ον τσ UV 2274 vw 
2253 ww 
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Difference spectra of 0.1M lithium perchlorate in acetonitrile with 


Figure 20. 
0.006% water. Gold mirror electrode. 


Table 7 


Band positions/cm-! for difference spectra of 0.1 M lithium 
perchlorate in acetonitrile with 0.006% water (gold electrode) 


Potential step Pos. displaced bands Neg. displaced band 
0.0V to -2.0V 2276 w 
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Table 9 


Infrared Band positions/cm-! for spectra of 0.1M electrolytes in 


acetonitrile 
Eafe 


Lithium perchlorate C1047 
Tno bands in region) 


Tetrabuty] ammonium- 
tetrafluorogorate 


Lit 
tno bands in region) 


Lithium hexafluoro- 
arsenate 
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difference spectra of this thin layer contain a considerable number of 
complex absorption bands and their interpretation will give valuable 
information on the changes in the interphase. First, the absorption 
bands will be assigned and then an explanation of the potential 
dependency of the bands will be given. 

The difference infrared spectrum of 0.1M tetrabutylammonium 
tetrafluoroborate in anhydrous acetonitrile or with 0.1M water added has 
an absorption band 1064 + 1 cm-l. The frequency of this band does 
not change with potential or with the addition of water. The infrared 
spectrum of 0.1M tetrabutylammonium tetrafluoroborate in acetonitrile is 
shown in Figure 24. The spectrum has a band at 1062 cm-! which 
corresponds to the fundamental vibration V3 (F2) which is the 
asymmetric stretch mode of the tetrahedral molecule ΒΕ4- (107). The 
infrared spectrum also has two shoulders on the V3 band which are at 
1098 cm-! and 1036 cm71. These shoulders on the triply 
degenerate V3 vibration are due to the loss of Td symmetry of the 
ΒΕ4- molecule. The shoulders are also present on the 1064 cm-1 
band in the difference spectra (Note at 1100 + 1 cm-! and 1037 + 2 
cm-1). Therefore, I conclude that the band at 1064 cm -! in 
the difference spectra is from the anion (BFa-) of the electrolyte. 

The difference spectrum of 0.1M lithium perchlorate in anhydrous 
acetonitrile or with 0.1 M water added, has an absorption band at 1101 + 
lgicn ees absorption band frequency is potential and water 
concentration independent. The infrared spectrum of the 0.1M lithium 


perchlorate in acetonitrile has an absorption band at 1102 Gita. 
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This band is the asymmetric stretch V3 (Fo) fundamental vibration 
of the tetrahedral molecule C10q4- (108). Therefore I conclude that 
the band at 1102 cm-! in the difference spectra is due to the anion 
(Cl0q-) of the electrolyte. 

The difference spectra of 0.1M lithium hexafluoroarsenate in 
anhydrous acetonitrile has an absorption band at 77 cm-l. The 
infrared spectrum of 0.1M lithium hexafluoroarsenate has an absorption 
band at 706 cm-! which is due to the anion ΔΘ ΠΕ ΘΙ OGemL 
conclude that the band at 707 cm-! is from the anion (ASF 67) 
of the electrolyte. All of the difference spectra have one band 
associated with the anion of the electrolyte which is usually the 
strongest band in the spectra. The reason for this will be explained 
later. 

The tetrabutylammonium tetrafluoroborate electrolyte has the 
tetrabutylammonium cation, which has infrared vibrations in the spec- 
LEdimenegloneOfeinceresces 1 Nesditfenence spectra Of 0.1 ΝΟ tetrabuty!— 
ammonium tetrafluoroborate in anhydrous acetonitrile or with 0.1M water 
added, have absorption bands at 2968 + 3 cm 2882 ὅν ὦ (δ “1 
and 1478 + 6 cm-1. These bands correspond to absorption bands in 
the infrared spectrum of 0.1 M tetrabutylammonium tetrafluoroborate in 
acetonitrile. The tetrabutylammonium cation has vibrations at 2970 
Cie oN eC eee si) Cm 11,2 τοῦ 1759} cma. 

883 cm-l, and 739 cm-!. The correlation between the bands in 

the two types of spectra is close enough to indicate that the potential 
has little effect on the vibration frequencies of the cation. The 
bands at 1383 cm-!, 883 cm! and 739 cm! are sufficiently 


weak to be buried in the noise of the difference spectra, 
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except the band at 2943 cm-! which should be intense enough to be 
observed but is not. This is due to the fact that acetonitrile has 
a band in the difference spectra at 2944 cm-! which happens to be 
displaced in the opposite direction. The origin of this 2944 cm”! 
band will be explained later. We observe that this acetonitrile 
band is much more intense than the cation band, and as a result 
of the digital subtraction process, the cation absorption is masked. 
The above assignments of bands in the difference spectra give 
some insight into the processes occurring in the electrode interphase. 
When the potential is stepped positive of the pzc the anion is 
attracted to the electrode to balance the charge. The cation is 
repelled from the electrode and moves out of the layer. As the 
potential is stepped more positive of the pzc more of the anion moves 
into the layer and more of the cation moves out. Now if the potential 
is stepped negative of the pzc the cation is attracted to the electrode 
and moves into the layer to balance the charge and the anion is 
repelled out of the layer. The vibrational frequencies of the cation 
and the anion are not shifted in wavenumber when comparing these 
difference spectra of the potential step experiments to the 
transmission spectrum of the ions in solution. This gives an 
indication that the ions moving into the thin layer are not adsorbed on 
the electrode surface. This 15 not to say that there are not ions 
adsorbed on the surface, just that there is not an appreciable change 
in the amount of ions adsorbed on the electrode upon stepping the 
potential. When a molecule is adsorbed on a metal surface there is a 
shift in the vibrational frequencies of that molecule due to dipole 


interactions with the surface. 
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The difference spectra of the potential step experiment, per- 
formed in anhydrous acetonitrile on platinum (Figures 15-20), show five 
negative displaced bands. The band frequencies are at 3006 + 5, 2940 + 
ie Yaa y de, τις 20 ἢ 2 and, 948 + 2 wavenumbers. The bands are not 
observed until the potential is stepped to 1.5 volts positive of the 
pzc and the intensity of the bands increases as the potential is 
Stepped to more positive values. These bands are due to acetonitrile 
adsorbed on the electrode surface. In the C =N stretching region there 
are two bands: one at 2329 cm -! and the other at 2300 cm-l. 
According to Irish et al (109), when acetonitrile is complexed in 
solution with metal ions the C =N stretch appears as a doublet. Evans 
et al (110) gave an explanation for this doublet which I used to assign 
the experimental bands observed herein. Thus the band at 2329 cm τὶ 
is assigned to the symmetric C =N stretch Vo(s) (s-subscript is for 
adsorbed molecules) and the band at 2300 cm-! is probably a Fermi 
resonance of Vo(s) with V3(s) + Vg(s). The band at 948 cm-1 
is assigned to the symmetric C-C stretch Vqa(s). The bands at 3006 
cm-1 and 2940 cm -! are assigned to the CH3 antisymmetric 
Stretch V5(s) and the CH3 symmetric stretch Vj(s) respectively. 

The reason that normally infrared active bands of acetonitrile are not 
observed for the adsorbed acetonitrile is not understood. One reason 
might be that the vibrations do not follow the surface selection 

ἩΠ 99 

The Ὑρ(5) and Ὑ4(5) bands are shifted 75 cm-! and 30 
cm-l respectively to higher frequencies upon adsorption of 


acetonitrile. The bands Vj(s) and Vs5(s) are not shifted to any 
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observable extent. The explanation of the blue shifting of the C = N 
bond is consistent with the fact the acetonitrile behaves as a Lewis 
base. This shifting has been reported to occur when acetonitrile forms 
1:1 adducts with Lewis acids. Such complex formation leads to a slight 
decrease in the strength of the 7 -bonding system and anincrease in the 
strength of the o-bond between the C and N (111) which increases the 
C = N force constant. 

A gold electrode was substituted for a platinum electrode and 
the potential step experiment repeated. The Vo(s) band at 2346 
cm-! on gold is shifted 17 cm-! from that on platinum. This 
fact indicates that acetonitrile is mostly likely adsorbed on the 
electrode surface. In addition, Petrii (106) has shown that 
acetonitrile is strongly adsorbed on the electrode surface and the 
concentration of acetonitrile adsorbed on the electrode is constant 
between -1.0V to +1.0V vs Ag/Ag+ reference. This observation 
correlates well with the difference spectral data, since there is little 
change in intensity of the bands observed for acetonitrile adsorbed on 
the electrode until the potential is stepped to 1.5V vs Ag/Agt 
reference. At potential steps more positive, the difference spectra 
show a decrease in the absorbance of the bulk acetonitrile V2 band 
and an increase in absorbance of the V2(s) band of adsorbed 
acetonitrile. Thus when the electrode potential is stepped to 2.0 
volts greater than pzc, more acetonitrile molecules from the thin layer 
of solution between the electrode and the window are adsorbed on the 


electrode surface. 
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The difference spectra show a decrease in the intensity of 
the V2 band of bulk acetonitrile. A very small decrease of Vo 
is observed and a large increase in the Vo(s) is observed. In 
addition the V2(s) band in the difference spectra is much stronger 
in intensity than all the other bands in the spectrum. A possible 
explanation for these observations is that acetonitrile is bonded 
through the nitrogen to the platinum surface, and since the 
symmetric C =N stretch is blue shifted 75 cm-1 upon adsorption, 
there is a possibility that a charge transfer complex is formed 
between the C=N and the electrode. The charge transfer complex may 
give rise to an order of magnitude increase in the intensity of the 
Vo(s) band (112). 

Water was added to the system and the potential step experiment 
was duplicated. New bands observed in the difference spectra were at 
ΟΣ ΠΥ l one Scoet a lO 1001 Ὁ 20 1033. Ὁ 10 ande2265 Ὁ 2 
wavenumbers. If the electrode potential was stepped to values positive 
of the pzc the bands at 3632 cm-!, 3549 cm -! and 1633 cm τ 
are positive displaced bands and the bands at 3325 cm-!, 2265 cm-1 
and 1633 cm-! are negative displaced bands. If the electrode 
potential was stepped to value negative of the pzc the displacement of 
the bands reversed. The bands in the 0-H stretching region at 3632 
cm-1 and 3591 cm-! correspond to value reported by Barrow ete 
(113) of 3640 cm-! and 3545 cm -! for the antisymmetric 0-H 
stretch and the symmetric O-H stretch respectively for a (MeCN) H20 
complex. The band at 2265 cm-l is assumed to be caused by an aceto- 


nitrile-water interaction (109). The band at 1633 cm-1 
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is assigned the OH bending of the water in the complex. A possible 
explanation of ‘the difference spectra is afforded when considering that in 
solution the (MeCN)? H20 complex is formed throughout the bulk of 

the solution. When the electrode potential was stepped into a region 
where acetonitrile is more greatly adsorbed from solution, the 
acetonitrile from the bulk of solution brings the water complexed with 

it to the electrode surface. Since the acetonitrile is so strongly 
absorbed the water probably is not adsorbed on the surface, but it is 
complexed with acetonitrile on the surface and is in a strongly 


hydrogen bonded form. 
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It is clear from the data presented here that the method 


employed will be of great value in probing changes in the structure of 


the electrical double layer. 
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4.0 Solution Free Measurements 


4.1 Results 


The infrared difference spectra of the "solution free species" 
contain spectral features of the neutral and the electrogenerated 
Species. If an absorption band does not change upon the electroactive 
molecule accepting (or delivering) an electron(s) from (or to) the work- 
ing electrode, it will not be observed in the difference spectrum. The 
absorption bands extending above the zero baseline correspond to a de- 
Crease in absorbance (or disappearance) of the neutral species. The ab- 
sorbtion bands extending below the zero baseline correspond to an in- 
crease in absorbance (or the formation) of electrogenerated species. 

The infrared difference spectrum of 0.01M benzophenone in ace- 
tonitrile with 0.1M tetrabutylammonium tetrafluoroborate as the support- 
ing electrolyte, is shown in Figure 25. Table 10 lists the absorption 
band frequencies. The electrode potential was stepped from -1.75 volts 
ΓΟ - 2. νο]τ- vs Ag/Ag* reference electrode. The base and the step 
potentials were determined from the cyclic voltammogram of the above 
solution shown in Figure 26, using a previously stated method. The 
infrared spectrum of 0.2M benzophenone in acetonitrile is shown in 
Figure 27 (acetonitrile is subtracted from the spectrum). The absorp- 
tion band frequencies with their vibrational assignments are listed in 
Table ll. 

The infrared difference spectrum of 0.005M anthracene in aceton- 
itrile, with 0.1M tetrabutylammonium tetrafluoroborate as the support- 


ing electrolyte, is shown in Figure 28. Table 12 lists the absorption 


83 


"rniznee awe) cgemuing” ocr te ortomdp Gangptgttin bevevint | 
; as Δ 
δυο ον wy fi γῆ WAT SQ gqreutes) fovsaaqe ΠῚ a 

ool δον ον 4A? Boas 9 ji oe head rel? f neds nh et +24 


γγόω ate. fee avt (elanwortio cd (Siingeli ey «Ὁ δὲ ate 


τῷ ΠῚ oy ei afi ὦ Pati °? bw 'Ζ, , seersests. ont ae 
! A? εὐζα ὃ δα lihuatse ohasad caltmetde: 
᾿ duly ἢ er ἊΣ " (aR? Τ᾿ AG) " grant ro2ds at 28 7 
Ψ: ᾿ ’ . ᾿ ΝΕ ee 
. thew Κῶ Ὁ Ἢ Shi i & mis GT « Νηνχο zbred nol tdvoa 


oe 
» ) [ἢ ἴθι ὠμὰ « >= fe éecas αἱ ϑέυντο “4 
ΝΣ 


ith S26F νι Ὁ Gevesia? af] 


no 44) yrypdwesen 4.60 dthy ot ind noe 
igus 5 , Ἶ - ool? at pave Ὁ" ἀδυοτξοδ! oar 
yay, ONT he 3 wher My ΓΝ of? .aebonoupey? bred. 
‘yh ay eter CS. aE 
4¢ ὦ ’ er ray ty 7 γ" 7 YT 


wwteratob evow efatensiog 
Hiteay WTQts Ubvetien, τ en tp. 6 ννὰ τ ἡ eee nersvfos “οὐ 
: Le ' Sones ME. ὃ To να; we ; 
roots <6) eins kd et 3 ἔπι Wye δ φΓ πο δυο} τς alt: nF 
AY bade! ete Aiedine leon Feat tewity, yi ane 270 seryepyper? pned nots 
wit ofa 
ΣΦ ον μιν: γκὴ Oe me <=: φριηγ δ besevteb ὧδ᾽ 
~)oeaqis 8? ef ὦ Ἰοσφη ει ἤχου) @ ‘omy ἐν δ ἢ “ὌΝ 
OT Pres at? ore’! 1:1 4ΤῊΛΕΤ΄. «ὃς μὰ whe ar ahh 


Ss 
᾿ we 


D> 


84 


T PFT -τ τυ τὸ τῶν FS eee | 
ra 8.8 Ὁ 3600 acu 2500 ele cU00 1600 1 ΕΠ 800 
WAVENUMBERS 


Figure 25. Infrared difference spectrum of 0.01M benzophenone in acetonitrile 
containing 0.1 M _ tetrabutylammonium tetrafluoroborate. Electrode 
Momurated Lrom —1./5V toe— 2.550 V.; 


Table 10 


Band positions/cm-1 for difference spectrum of 0.01M benzophenone in 
acetonitrile with 0.1M TBAF and pulsed from -1.75 V to -2.5 V vs Ag/Ag* 


Positive displaced bands Negative displaced bands 


1661 


ς 2966 m 

1600 m 2942 w 
1579 w 2920 w 
1319 m 2887 w 
1278 s 2193 w 
1178 w 1555 s 
1095 m 1464 s 
1068 s 1401 m 
1033 m 1371 w 
999 w 1249 s 
943 w 1150 sh 
922 w 1156 - 
1015 w 
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Figure 26. Cyclic voltammogram of 0.01M benzophenone, in acetonitrile 
with 0.1M tetrabutylammonium tetrafluoroborate. 
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Table 11 


Infrared Band position/cm-! for an infrared spectrum of 0.2 M 
benzophenone in acetonitrile 


Literature (125) Assignment (126,90) 


3086 3086 


C-H Stretching 


C=0 Stretching 


C-C Stretching 


C-H in Plane Bending 


Overtone 641+370 


C-H out of Plane Bending 


C-H out of Plane Bending 


Ring Breathing 
C=0 Bending 
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Figure 28. Infrared difference spectrum of 0.005M anthracene in acetonitrile 
containing 0.1M tetrabutylammonium tetrafluoroborate. Potential 
Mocutation -1.5V CoO τ ὺ- 


Table 12 


Band positions/cm-1 for difference spectrum of 0.005 M anthracene 
in acetonitrile with 0.1 M TBAF and pulsed from -1.5 V to -2.5 V vs 
Ag/Agt reference 


Positive displaced bands Negative displaced bands 
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band frequencies. The base and the step potentials were -1.5 volts and 
-2.5 volts vs Ag/Agt reference electrode respectively. These poten- 
tials were determined from the cyclic voltammogram of the above anthra- 
cene solution, which is shown in Figure 29. The infrared spectrum of 
anthracene (KBr disc) is shown in Figure 30. The absorption band 
frequencies with their assignments are listed in Table 13. 

The infrared difference spectrum of 0.005M tetracyanoethylene in 
acetonitrile with 0.1M tetrabutylammonium tetrafluoroborate as the 
Supporting electolyte, is shown in Figure 31. Table 14 lists the 
absorption band frequencies. Figure 32 is an expansion of Figure 31 to 
observe the small absorptions. The base and the step potentials were 
7.25 eVOlES eand - 25 Volts vs Ag/Agt reference electrode 
respectively. These potentials were determined from the cyclic volt- 
ammogram of the above tetracyanoethylene solution, which is shown in 
Figure 33. The infrared spectrum of tetracyanoethylene (KBr disc.) is 
shown in Figure 34. The absorption band frequencies with their 


assignments are listed in Table 15. 
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Cyclic voltammogram of 0.005 M anthracene in acetonitrile 


containing 0.1 M tetrabutylammonium tetrabutylammonium 
tetrafluoroborate. 
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Table 13 


Infrared band position/cm-! for an infrared spectrum of Anthracene 
(KBr Disca) 


Literature (91)! Assignment (91) 


stetch 
stretch 
stretch 


stretch 


ring stretch 
ring stretch 
ring stretch 
ring stretch 
ring stretch 


ring stretch 
in plane bend 
in plane bend 
in plane bend 


Ses 


in plane bend 

C-H out of plane bending 
skeletal deformation 

C-H out of plane bending 
C-H out of plane bending 
C-H out of plane bending 
C-H out of plane bending 
skeletal deformation 
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Table 14 


Band positions/cm-! for tetracyanoethylene pulsed from +0.25V to 
Ὁ eo VaVSeng/Aggereference. 


Positive displaced bands Negative displaced bands 


1155 W 


2187 m 
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Figure 32. Expansion of figure 3l. 
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CyvolmenVOLeanmogramson .00SMetetracyano ethylene in aceconitriie 


containing 0.1M tetrabytylammonium tetrabutylammonium 
tetrafluoroborate. 
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Table 15 


Infrared band position/cm-1 for an infrared spectrum of tetra- 
cyanoethylene in KBr disc. 


Literature (124) Assignment (124) 


2262 vs 2262 NOMOT Cane streten 
2228 ς ἀῶ ΝΕ Do eCuNeo tre vcn 
2215 m 2214 
2192 w 2202 
1234 w 292 
1209 
ORY WIG 1755 Vig bay, C-C Stretch 
1139 
τς 1114 
1086 s 1086 
1021 m 1020 
SBOENS 9,98) Vig biy C-C stretch 
934 ς 934 
ΘΙ, 915 
825 ν 823 
803 s 804 
796 
710 
697 π 693 
676 ν 671 
δ.) Ὁ 579 Viz Ὀ1υ C-C Ν bend 
556 vs 556 V23 b3y C-C N out of plane bend 
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442 γ24 b3y (CN)-C-(CN) 
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4.2 Discussion 

Three model compounds (tetracyanoethylene, anthracene, and 
benzophenone) were used to test whether this technique is a viable 
method for studying electrogenerated molecular ionsin solution. The 
vibrational modes of the anion radicals produced from these compounds 
have been studied previously by infrared spectroscopy (47, 114-119) and 
by resonance Raman spectroscopy (56, 120-123). These particular 
compounds were chosen because of the relative stability of the anion 
radicals in anhydrous acetonitrile. 

The difference spectrum of benzophenone shows changes in the 
absorption band frequencies from the neutral molecule to the anion 
radical. From the difference spectrum the C=0 stretching frequency 
shifts from 1661 cm-! in the neutral molecules to 1555 cm-l in 
the anion radical. This shift is attributed to the fact that since the 
lowest unoccupied molecular orbital contains a significant contribution 
from the C =0 band, it will be that bond that is most affected by 
electron transfer (120). This is the orbital that the added electron 
will most likely occupy. Aleksandrov et al (123) stated that the added 
electron is localized in the C=0 orbital and also indirectly effects the 
ring vibrations. Both of these effects are apparent in the difference 
spectrum. The technique used in this study was compared with other 
techniques (47, 119, 120) for studying the vibrational modes of 
benzophenone anion radical. Table 16 gives a comparison of the 
absorption bands determined in each technique. It is seen from the 
table that the technique used in this study correlated well with the 


other techniques. 
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Table 16 


Comparison of band positions/cm-! for benzophenone anion radical 


Tallant! Aleksandrové Juchnovski® 


1535-1550 


1455 
1355-1405 


1225-1255 


1) Ref. 47 IRS in DMSO 
2) Ref. 120 in THF (resonance raman) 
3) Ref. 119 in THF (infrared) 
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Table 17 


Comparison of band position/cm-4 for anthracene anion radical 


3041 w 
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A spectrum more difficult to interpret is that of the 
difference spectrum of anthracene. The absorption bands of the 
anthracene anion radical appear to be much more intense than the 
absorption bands of the neutral molecule. The reason for this 


observation is not understood. The absorption bands observed for the 


anthracene anion radical correlate well with those determined in a study 


by Li et al (116) on the potassium salts of anthracene. The bands 
observed for one potassium salt (one potassium to two anthracene 
molecules)correlated with the anthracene anion radical generated in 
this work. (See figure 28 page 89 ). The absorption frequencies 
found in Li's work and this one are compared in Table 17. 

In the difference spectrum of tetracyanoethylene there are two 
very intense bands observed at 2148 cm-! and 2187 cm-! for the 
anion radical. These two bands are assigned to the C=N stetch, which 
agree with Devlin et al's (114) assignment. The neutral molecule also 
has two C=N stretches Vg and Vj5 (124). The decrease in absor- 
bance of the C=N stretch of the neutral species should be observed but 
it is not. A possible explanation of this is that the band at 
2261 cm-1 for tetracyanoethylene is masked by a much more intense 
band at 2254 cm-! for acetonitrile, thereby preventing a proper 
subtraction. The change in the C-C stretching frequency is also 
observed in the difference spectrum. The C-C stretch of the neutral 
species(v;,) at 1155 cm-! shifts to 1181 and the C-C stretch of 
the neutral species(v),) at 950 cm-l shifts to 891 cm-l 
when the anion radical is formed. The results reported previously 


by Li and Devlin are complimentary to those reported 
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in this study. This is because the anion radical is in solution and the 
Stretcns lsat infrared active. The reason Devlin et al observed this 
band in the solid state is because of a charge oscillation activation 
(112) of the C=C symmetric stretch Vp which is produced in the alkali 
metal salt of tetracyanoethylene. The tetracyanoethylene anion radical 
is probably not involved in any charge transfer complex that will 
give rise to the charge oscillation activation of Vj. Thus the C=C 


symmetric stretch V2 is not observed. 
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4.3 Conclusion 


The new technique described is a simple convenient method for 
obtaining spectra of electrogenerated species. If a molecular ion can 
be generated electrochemically then it is probable that its infrared 
spectrum can be obtained by using the described technique. Previously 
it has been difficult to obtain infrared spectra of molecular ions in 
solution because of sample handling and the large infrared absorptions 
of the solvents used when generating molecular ions. In this study, 
such effects are minimized by the use of extremely thin layers of 
solution. 

This technique sheds new light on the subject of studying 
molecular ions. When an electron(s) is added or removed from a 
molecular orbital of a neutral molecule there is usually some change in 
the molecular structure which in turn may change the symmetry and the 
bonding of the molecular ion from that of the neutral molecule. This 


technique provides a unique simple method for observing such changes. 
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PROGRAM I 


XXX = 1 TIL 100 
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IT] 
XXX 


XXX - enables looping sequence 

- number of looping cycles 

- returns loop to beginning 

- collects interferograms and stores in sample file 

- collects interferograms and stores in reference file 
- origin file number 

- destination file number 

- adds origin file to destination file with weighting 
- display sample file 


- end of program 
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CLB - collects interferograms and stores in background file. 
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